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autosomal segments to the sex
chromosomes.
Importantly, the origin of the avian
sex chromosomes, as it can be
estimated by applying a molecular
clock to the divergence between
non-recombining Z- and W-linked
gametologs, is at approximately
130–150 million years ago [19]. This
does not affect the dating of the
eutherian sex chromosomes but it
shows that the Z and W of birds, as
the eutherian X and Y, evolved long
after the split of synapsids and
diapsids 310 million years ago. This
either makes the homology between
avian Z and platypus Xs merely
coincidental, or could potentially reflect
a common ancestral genetic
mechanism, not based on sex
chromosomes, for amniote sex
determination.
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R559Oxygen Homeostasis: How the Worm
Adapts to Variable Oxygen Levels
A recent study has found that activation of the hypoxia-inducible
transcription factor HIF in the nematode Caenorhabditis elegans can alter
oxygen preferences and dramatically re-wire the neuronal circuit required for
avoiding high oxygen levels.
Robyn S. Branicky
and William R. Schafer
Most multicellular organisms depend
on oxygen for the generation of energy.
But high concentrations of oxygen
can lead to the production of toxic
reactive oxygen species; so metazoans
have evolved mechanisms to monitor
and respond to changes in both
internal and external oxygen levels so
that oxygen homeostasis can be
maintained. In mammals, oxygen
homeostasis is achieved by both rapid
behavioral responses and longer term
physiological responses which involve
changes in gene expression.
Physiological responses to hypoxia
are mediated by a pathway, conserved
in all metazoans, involving the
hypoxia-inducible factor transcription
factor, HIF.
HIF is a heterodimeric transcription
factor which is composed of an
a and a b subunit. The b subunit is
a constitutive nuclear protein, whereas
the a subunit is induced by hypoxia.
Under normoxic conditions, specific
proline residues of the HIFa subunit are
hydroxylated by oxygen-dependent
prolyl hydroxylases. This modified
HIFa has increased affinity for the von
Hippel-Landau tumor suppressor
protein (VHL), which targets HIFa
for proteasomal degradation.
Under hypoxic conditions, the
oxygen-dependent prolyl hydroxylases
are less active, HIFa is more stable
and the resulting HIFa/b heterodimers
can regulate gene expression [1].
In the nematode Caenorhabditis
elegans, the genes encoding HIFa,
HIFb, prolyl hydroxylase and VHL are
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R560named hif-1, aha-1, egl-9 and vhl-1,
respectively. As in other metazoans,
HIF-1 in C. elegans is rapidly degraded
during normoxia and accumulates
during hypoxia (1% O2 or below) [2,3].
Interestingly, new findings indicate
that, in C. elegans, the HIF-1 pathway
not only affects physiological
responses to hypoxia, it also affects
behaviour [4]. Previous work had
shown that C. elegans exhibits
avoidance responses to hypoxia as
well as hyperoxia (O2 levels above
14%). When placed in a linear gradient
of oxygen concentrations from 0% to
21%, the standard wild-type strain,
N2, rapidly moves to a preferred
oxygen concentration of 7–14%,
avoiding both high and low extremes
of oxygen [5]. The hyperoxia avoidance
is mediated by a distributed network
of sensory neurons: it requires
nociceptive neurons that respond to
aversive stimuli, serotonergic neurons
that respond to stress and two
redundant sets of neurons that express
oxygen-binding soluble guanylate
cyclases and are thus putative
oxygen-sensing neurons [5–7].
Interestingly, hyperoxia avoidance is
suppressed by food, an effect that
requires the G protein-coupled
neuropeptide receptor NPR-1, and the
C. elegans TGF-b homolog DAF-7 [6,8].
Chang and Bargmann [4] have now
shown that the behavioural and
physiological responses to hyperoxia
are linked by the involvement of the
HIF-1 pathway. Activation of the HIF-1
pathway, either mutationally or through
growth in hypoxia, was observed to
alter oxygen preference: whereas
wild-type worms grown in normal
oxygen level conditions prefer
a median oxygen concentration of
10%, activation of HIF-1 decreases
their median preference to 8%.
Furthermore, while hyperoxia
avoidance is normally suppressed by
the presence of food, activation of
HIF-1 eliminates food modulation so
that animals avoid hyperoxia either in
the presence or the absence of food.
Thus, HIF-1 activation apparently leads
to a stronger and more rigid avoidance
of hyperoxia. Genetic experiments
suggest that the mechanisms by
which HIF-1 modulates hyperoxia
avoidance differ from those involved in
modulation by previously identified
factors such as NPR-1 and DAF-7.
The most striking change induced by
HIF-1 activation is a dramatic paring
down and reorganization of the neural
circuit required for hyperoxia
avoidance. By systematically analyzing
the hyperoxia phenotypes of mutants
with defects in different sensory
neurons, Chang and Bargmann [4]
showed that, whereas several classes
of sensory neurons are required for
hyperoxia avoidance in the wild type,
in HIF-1-activated animals only the
soluble guanylate cyclase-expressing
oxygen-sensing neurons URX, AQR
and/or PQR are required. When only
these neurons are inactivated in
wild-type worms, the effect on
hyperoxia avoidance is negligible,
indicating that the neuronal
requirements for hyperoxia avoidance
differ under normoxic and hyperoxic
conditions. Moreover, although
hyperoxia avoidance in both the
wild-type and HIF-1-activated animals
is potentiated by serotonin, wild-type
worms require serotonin to be
produced in the ADF neurons, whereas
egl-9 (prolyl hydroxylase) mutants
require it to be produced in the NSM
neurons. Thus, the neural circuits
mediating both hyperoxia avoidance
and its modulation by serotonin are
apparently altered by the HIF-1
pathway.
Another surprising finding is that
the HIF-1pathway appears to function
in both neuronal and non-neuronal
tissue. Using tissue-specific rescue
experiments, Chang and Bargmann [4]
found that full rescue of the hyperoxia
avoidance phenotype of egl-9
mutants can only be achieved when
functional EGL-9 is expressed in both
the nervous system and a pair of
neurohormone-secreting cells called
the uv1s. These cells express
neuropeptides, whose roles have not
been characterized, as well as the
monoamine neurotransmitter tyramine,
which has been shown to inhibit
egg-laying [8,9]. The finding that egl-9
is required in these cells to elicit
a global hypoxia response raises the
intriguing possibility that these cells
may be secreting factors which can
act on both nearby cells to regulate
the activity of the egg-laying system
and more distantly on the hyperoxia
avoidance neurons to regulate
behavioral responses to changes in
oxygen levels. These results highlight
the complex interplay between
neuronal and hormonal signaling in
even the simplest of animals.
The major outstanding question
now is how HIF-1 activation can so
dramatically alter the neuronal
requirements for hyperoxia avoidance.
One obvious first place to look for
answers would be the targets of HIF-1.
In this study the authors identify several
genes with altered levels of
transcription in egl-9 mutants: soluble
guanylate cyclase genes in
oxygen-sensing neurons, daf-7 in
chemosensory neurons, and the
tyramine biosynthesis gene tdc-1 in
the uv1 neurosecretory cells. Although
these changes could contribute to
the effects of hypoxia, it seems
unlikely that they could account for the
dramatic re-organisation of the
hyperoxia avoidance circuit. One way
forward may be to carry out a genetic
screen to identify gene activities that
are necessary for observed
hypoxia-induced changes. The
identification of such activities
would shed light on the intriguing
question of how the nervous system
can generate similar behavioral
outputs using different neural circuits
in a context-dependent fashion.
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